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lutamate is the primary excitatory amino acid neurotransmitter in the human brain. 
It is important in synaptic plasticity, learning, and development. Its activity at the 
synaptic cleft is carefully balanced by receptor inactivation and glutamate reuptake. 
When this balance is upset, excess glutamate can itself become neurotoxic. 



The neurotoxic properties of glul 
were first demonstrated in 1957 by Lucas 
and Newhouse, 1 who showed that sys- 
temic administration of glutamate to in- 
fant mice caused retinal degeneration. Over 
the last 4 decades, a direct correlation be- 
tween the neuroexcitatory and neuro- 
toxic properties of glutamate has been 
linked to activation of excitatory amino 
acid receptors. 2 5 This overactivation leads 
to an enzymatic cascade of events ulti- 
mately resulting in cell death. 

Regulation of synaptic transmission 
and glutamate levels in the synaptic cleft 
is performed by glutamate transporters. 
Glutamate transport is a sodium- and po- 
tassium-coupled process that is capable of 
concentrating intracellular glutamate up 
to 10000-fold compared with the extra- 
cellular space. 6,7 These transporters are lo- 
cated throughout the human central ner- 
vous system as well as other tissues. Recent 
physiologic studies provide evidence that 
glutamate transporters keep synaptic con- 
centrations of glutamate low enough to 
prevent receptor desensitization and/or ex- 
citotoxicity. New insights into the biol- 
ogy of these transporters suggest that their 
dysfunction may contribute to neuro- 
logic disease. 

HUMAN GLUTAMATE 
TRANSPORTERS 



Both neurons and astroglia are capable of 
high-affinity, sodium-dependent gluta- 
mate transport. 8 To date, 5 high-affinity, 
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sodium-dependent glutamate transport- 
ers have been cloned from mammalian and 
human tissue: astrocyte-specific gluta- 
mate transporter (GLAST [excitatory 
amino acid transporter 1 (EAAT1)]), glu- 
tamate transporter 1 (GLT-1 [excitatory 
amino acid transporter 2 (EAAT2)]), ex- 
citatory amino acid carrier 1 (EAAC1 [ex- 
citatory amino acid transporter 3 
(EAAT3)]), excitatory amino acid trans- 
porter 4 (EAAT4), and excitatory amino 
acid transporter 5 (EAAT5) (Tobl©). 9 " 14 

Immunohistochemical studies have 
revealed that EAAT1 and EAAT2 are lo- 
calized primarily in astrocytes, while 
EAAT3 and EAAT4 are distributed in neu- 
ronal membranes. Detailed immunogold 
studies have further delineated the local- 
ization of glutamate transporters to cer- 
tain subcellular compartments. The neu- 
ronal transporters EAAT3 and EAAT4 
appear to be localized to plasma mem- 
branes in a perisynaptic distribution. The 
greatest density of these transporter pro- 
teins appears to be at the edge of postsyn- 
aptic densities, rather than within the 
synaptic cleft. To date, most immunolo- 
calization studies have further indicated 
that the neuronal transporters are local- 
ized in a somatodendritic fashion on post- 
synaptic spines and somas. They are rarely 
found presynaptically. In fact, to date, the 
only localization of glutamate transport- 
ers presynaptically has been on presyn- 
aptic inhibitory 7-aminobutyric acid 
(GABA) terminals. 15 

In a similar fashion, the astroglial glu- 
tamate transporters also have a polarized 
distribution. Both EAAT1 and EAAT2 are 
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localized to astroglial membranes that 
immediately oppose synaptic cleft re- 
gions of the neuropil (Figure I).' 6 
In mammalian studies, it has been 
demonstrated that EAAT1 is highly 
expressed in the molecular layer of 
the cerebellum and moderates activ- 
ity in the hippocampus, superior col- 
liculus, and substantia gelatinosa of 
the spinal cord. In contrast, EAAT2 
expression is generally high through- 
out all brain regions and the spinal 
cord but is largely absent from white 
matter tracts; EAAT3 is selectively en- 
riched in neurons of the hippocam- 
pus, cerebellum, and basal ganglia; 
EAAT4 is largely confined to the 
soma and dendrites of the Purkinje 
cells of the cerebellum; EAAT5is lo- 
cated in retinal ganglion cells (Table). 

Thus, the anatomic analysis of 
the molecular subtypes of gluta- 
mate transporters suggests that glu- 
tamate inactivation may be either 
postsynaptic or on astroglial mem- 
branes. In fact, in the hippocampus, 
a region of intense glutamatergic in- 
nervation, there is little evidence for 
presynaptic or postsynaptic inacti- 
vation by neuronal transporters. 
Rather, all available data suggest that 
astroglial transporters are the pre- 
dominant physiologic pathway for 
synaptic inactivation of glutamate in 
the forebrain. 

NEUROSCIENTIFIC STUDY OF 
GLUTAMATE TRANSPORTER 
DYSFUNCTION 

How does glutamate transporter dys- 
function lead to neurotoxic effects 
and subsequent neurologic se- 
quelae? The relationship between loss 
of glutamate transporters and en- 



hancement of extracellular gluta- 
mate levels with subsequent neuro- 
toxic effects has been well established. 

Knockout mice deficient in the 
glutamate transporter subtypes have 
been developed. They yield a vari- 
ety of phenotypes, including sei- 
zures, loss of motor coordination, 
and disturbances in amino acid me- 
tabolism. 1718 The knockout-mouse 
model allows for the study of glu- 
tamate and its transporters through- 
out the development of the mam- 
malian brain. 

A second method in examin- 
ing the effects of loss of glutamate 
transport is the use of antisense oli- 
gonucleotides to reduce the num- 
ber of glutamate transporters in adult 
animals. Antisense oligonucleo- 
tides are believed to exhibit their ef- 
fect by binding to the target mes- 
senger RNA (mRNA) and preventing 
its translation into the target pro- 
tein. The infusion of these mol- 
ecules over days to weeks simu- 
lates the chronic loss of transporters 
that may occur in neurodegenera- 
tive disorders. Reduction in vari- 
ous subtypes of glutamate transport- 
ers has led to models of amyotrophic 
lateral sclerosis (ALS) and epilepsy 
by increasing glutamate in the syn- 
aptic cleft and producing subse- 
quent neurotoxic effects. 

Cell culture systems have pro- 
vided new evidence that supports the 
participation of reactive oxygen spe- 
cies (peroxyni trite, among others) in 
inhibiting glutamate transporter ac- 
tivity. 19 This inhibition leads to in- 
creased extracellular glutamate, 
which, through the activation of glu- 
tamate receptors, generates a cas- 
cade of enzymatic steps that further 



enhance the formation of reactive 
oxygen species. 

Finally, models of hypoxia have 
been generated that show that deple- 
tion of adenosine triphosphate lev- 
els leads to the rundown of gluta- 
mate transport and actually leads to 
reversed uptake and the extrusion of 
glutamate into the synaptic cleft. This 
process further induces glutamate 
neurotoxic effects and may play a role 
in enhancing cell death (Figure 2). 

Whether loss of glutamate trans- 
porter function is the primary insult 
or part of a cascade leading to neu- 
ronal death, it is becoming increas- 
ingly clear that glutamate transport- 
ers play a role in neurologic disease. 

GLUTAMATE TRANSPORT 
AND HUMAN DISEASE 

Amyotrophic Lateral Sclerosis 

Multiple mechanisms have been pos- 
tulated to cause motor neuron de- 
generation in sporadic and familial 
forms of ALS, including excito- 
toxic effects, oxidative injury, cyto- 
skeletal abnormalities, and autoim- 
munity. It is likely that multiple 
primary insults result in the com- 
mon phenotype of ALS. Evidence for 
glutamate contributing to motor 
neuron degeneration in ALS ini- 
tially came from several studies that 
suggested that cerebrospinal fluid 
glutamate levels may be elevated in 
patients with sporadic ALS. 20 21 These 
earlier studies reported that motor 
cortex and spinal cord tissue gluta- 
mate levels were decreased 30% to 
45% in patients with ALS. These al- 
terations in extracellular and tissue 
glutamate may in fact reflect alter- 
ations in glutamate transport. This 
hypothesis was subsequently evalu- 
ated and confirmed through the use 
of membrane preparations of post- 
mortem tissue from ALS patients and 
controls. In those studies, a signifi- 
cant loss of high-affinity, sodium- 
dependent glutamate transport was 
found in ALS. 22 Detailed studies were 
performed to examine molecular 
subtypes of glutamate transport in 
ALS. These revealed that up to 60% 
to 70% of patients with sporadic ALS 
have a 30% to 90% loss of the EAAT2 
protein, in both motor cortex and 
spinal cord. 23 The loss of EAAT2 ap- 
pears to be specific to these regions 
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Figure 1 . Cellular localization ofglutamate (Glu) transporter subtypes: 
EM T1 and EM T2 are found in the perisynaptic region of astroglial 
membranes; EM T3 and EM T4 are localized to neuronal membranes. mGluR 
indicates metabotropic glutamate receptor; K, potassium: Na, sodium; CI, 
chlorine; NMDA, N-methyl-o-aspartate; and AMPA, a-amino-3-hydroxy-S- 
methyl-4-isoxazoleproprionic acid. See the Table footnotes for an 
explanation ofEMTl through EMT4. 




Figure 2. Under normal conditions, glutamate (Glu) released into the synaptic 
cleft is removed (thick solid arrows at left) by sodium (Na)-dependent neuronal 
and astroglial Glu transporters (red and yellow ovals). Increased Glu at the 
synapse can result from the reversal of Glu transport (dashed arrows) under 
conditions of adenosine triphosphate depletion (ischemia). Truncated Glu 
transporters (incomplete ovals) may interact with full -length transporters to be 
sequestered within the cell or trafficked to the membrane, where they function 
ineffectively. Reactive oxygen species (0N00~, OH ) generated by a variety of 
conditions may damage transporters (withered oval), with a resultant 
reduction in Glu transport. K indicates potassium; Na, sodium; CI. chlorine; 
NMDA, fi-methyl-o-aspartate; ATP, adenosine triphosphatase; and AMPA, 
a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionicacid 



in most but not all patients. This loss 
of EAAT2 protein cannot be attrib- 
uted to cell death since there is no 
significant astroglial loss in ALS. 

Parallel with human studies, a 
number of laboratories have been in- 
vestigating the biology of the EAAT2 
protein. Functional studies have de- 
termined that the EAAT2 trans- 
porter is the most abundant gluta- 
mate transporter in the brain, both 
at the protein level and function- 
ally. Up to 95% of all tissue gluta- 
mate transport appears to be through 
the EAAT2 glutamate transporter. 17 

What is the relevance of a loss 
of EAAT2? Both in vitro and in vivo 
studies have documented that anti- 
sense knockdown or pharmacologic 
inhibition of a glutamate trans- 
porter leads to neuronal degenera- 
tion, especially of the motor neu- 
rons. In adult animals, antisense 
knockdown of EAAT2, analogous to 
an adult-onset loss of EAAT2 in ALS, 
leads to progressive paralysis in mo- 
tor neuron degeneration. 21 Thus, the 
loss of EAAT2 protein is sufficient to 
induce a phenotype of motor neu- 
ron degeneration. 

What could cause the loss of an 
astroglial glutamate transporter in a 
regional manner in sporadic ALS? 
Two possible mechanisms for loss of 



glutamate transporter proteins in ALS 
have been suggested. First, studies in 
ALS have revealed the presence of 
truncated RNA species in patients 
with sporadic ALS. Detailed analy- 
ses have revealed that ALS is associ- 
ated with a large increase in mul- 
tiple aberrant RNA species that code 
for truncated versions of the EAAT2 
protein. Although 1 or 2 of these spe- 
cies can occasionally be seen in con- 
trol specimens, ALS is unique in both 
the abundance, using vigorous quan- 
titative methods to assess these trun- 
cated RNA species, and the large 
number of different truncated RNA 
species in individual patients. 25 Stud- 
ies of some of these truncated spe- 
cies indicate that they have a domi- 
nant-negative effect on the EAAT2 
protein and provide a mechanism for 
explaining a loss of EAAT2 protein 
in patients. 

Second, evidence suggesting a 
link between free radical formation 
and glutamate transporter dysfunc- 
tion comes from a mouse model of 
ALS. Mutations of superoxide dis- 
mutase (SOD1 ) have been found in 
approximately 10% of patients with 
familial ALS. 26 Transgenic mice over- 
expressing mutant SODl genes dis- 
play a slowly progressive motor neu- 
ron disease resembling ALS. 27 The 



mechanism for the neurotoxic ef- 
fects associated with mutant SODl is 
not yet known, but evidence sup- 
ports the gain of a toxic prop- 
erty. 28 " 30 In addition, recent studies 
have documented that mutant SODl 
by itself can induce oxidative dam- 
age to the EAAT2 protein that could 
also provide an alternate means for 
loss of glutamate transport in ALS pa- 
tients. 31 Regardless of the mecha- 
nism, the loss of EAAT2 glutamate 
transporter may contribute to a re- 
duction in glutamate uptake with 
subsequent overstimulation of glu- 
tamate receptors, resulting in neuro- 
toxic effects. 

As described above, glutamate 
transporters may be a target for these 
toxic effects. In fact, recent studies 
of SODl transgenic mice show a 
marked loss of GLT1 (EAAT2) in the 
spinal cord as well as a loss of func- 
tional glutamate transport. 32 Thus, 
the loss of glutamate transport is 
seen both in familial models of ALS 
and in sporadic disease. 

Alzheimer Disease 

The neurodegeneration in AD is char- 
acterized by synaptic and neuronal 
loss with plaque and tangle forma- 
tion. Abnormal expression or pro- 
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cessing of growth-associated pro- 
teins in the central nervous system 
may play a role in the process, lead- 
ing to damage and neurodegenera- 
tion. Amyloid precursor protein has 
been implicated as being important 
in the pathogenesis of AD. Recently, 
it has been demonstrated that abnor- 
mal processing of amyloid precur- 
sor protein may be associated with 
the deficient functioning of the glu- 
tamate transporter system. In fact, a 
fragment of p-amyloid (Ap), the cen- 
tral constituent of neuritic plaques in 
AD, inhibited tritium-labeled gluta- 
mate uptake in cultured astrocytes. 
Since reactive oxygen species are 
mediators of Ap toxic effects and 
uptake inhibition by Ap was pre- 
vented by antioxidants, it is conceiv- 
able that, among other effects, Ap 
produces glutamate transporter oxi- 
dation and dysfunction. 33 

Stroke/Ischemia 

Aberrant function of glutamate 
transport plays an essential role in 
the excitotoxic neurodegeneration 
that occurs in models of cerebral is- 
chemia. As mentioned in the intro- 
duction, there is a tenfold higher 
concentration of glutamate within 
cells compared with the outside en- 
vironment. The energy and ion gra- 
dient necessary to maintain this state 
fail under ischemic conditions. In 
fact, numerous in vitro studies have 
documented the actual reversal of 
glutamate transporter: glutamate that 
runs down its gradient from within 
cells to swamp the extracellular en- 
vironment with large amounts of in- 
tracellular glutamate.' 4 " 36 

Changes in glutamate trans- 
porter expression are seen with ce- 
rebral ischemia in animal models and 
human tissue. Astrocyte-specific glu- 
tamate transporter expression was in- 
creased in the penumbra 72 hours 
following ischemia in an animal 
model. This suggests that a compen- 
satory increase in the activity of glu- 
tamate transporters may accom- 
pany pathological changes after 
ischemic injury. 37 The paucity of 
GLAST and GLT1 in specific re- 
gions of the hippocampus may ac- 
count for the vulnerability of these 
neurons to an ischemic insult. 38 

Transient hypoxic-ischemic in- 
jury in a neonatal pig model dem- 



onstrates reduced levels of GLT1 and 
EAAC1 at 24 hours of recovery. 
Thus, astroglial and neuronal in- 
jury were found to occur rapidly in 
the newborn striatum, with early 
gliodegeneration and glutamate 
transporter abnormalities contrib- 
uting to neurodegeneration. 39 

Selective cell vulnerability to 
neonatal hypoxia-Lschemia may be at- 
tributed to loss of glutamate trans- 
porter subtypes. Changes in GLAST 
and EAAT4 (a Purkinje cell-spe- 
cific transporter) in the cerebellum 
of hypoxic human neonates, exam- 
ined postmortem, may account for 
the well-described vulnerability of 
Purkinje cells to hypoxic injury. 40 

While the regulation of the dif- 
ferent transporter subtypes in vary- 
ing anatomic regions and ischemic 
zones is still being studied, these 
changes are in response to and a re- 
sult of neurotoxic effects. 

Epilepsy 

The family of glutamate transporter 
proteins may also be participants in 
certain models of epilepsy, although 
their role maybe dependent more on 
their participation in the central ner- 
vous system metabolism than on their 
role as regulators of externa! gluta- 
mate concentrations. In knockout 
mice, a reduction in the glutamate 
transporter GLT1 results in lethal 
spontaneous seizures. By 6 weeks of 
age, 50% of animals die. Pathologi- 
cally, some of the mice that lack the 
GLT1 transporter show destruction 
of neurons in the hippocampus, a re- 
gion found to be important in the gen- 
eration of seizure disorders. 17 Inter- 
estingly, developmental studies 
indicate that this time point is criti- 
cal for the development of excit- 
atory synapses. The loss of a pre- 
dominant glutamate transporter in 
the neonatal brain, GLT1, therefore 
may be critical for normal synapto- 
genesis and prevention of seizures. In 
that regard, it is interesting that in 
adult animals, the loss of GLT1 leads 
not to seizures but, as described 
above, motor neuron degeneration. 
Thus, alterations in transporter ex- 
pression may have pathophysi- 
ologic consequences for the cell types 
in which they are expressed, their ul- 
trastructural localization, and the de- 
velopmental timing at which insults 



occur. Interestingly, GLAST and 
EAAC1 knockout mice, while not 
normal, do not develop seizures. 

In acquired models of epilepsy 
in which seizures are induced us- 
ing a variety of pharmacological 
models, the data are somewhat con- 
flicting. In a study of mRNA and pro- 
tein expression using fully kindled 
rats, few changes in GLT or GLAST 
were found in the hippocampus. 41 
Conversely, when the glutamate re- 
ceptor agonist kainate was used to 
induce seizures, EAAC1 mRNA and 
protein levels were decreased in the 
rat hippocampus, GLT1 mRNA and 
protein levels were increased, and 
GLAST mRNA levels were in- 
creased. 42 - 43 

Recent experimental studies 
have provided a new means by which 
glutamate transporters may contrib- 
ute to epilepsy. Infusing antisense oli- 
gonucleotides into the ventricles of 
adult rats with the molecular knock- 
down of EAAC 1 , a highly expressed 
hippocampal transporter, can pro- 
duce episodic seizures in these ani- 
mals. 24 Initial studies suggest that this 
effect occurs not through alter- 
ations of an extracellular glutamate, 
but rather through perturbations of 
the neurotransmitter GABA. The 
EAAC1 transporter is highly local- 
ized to GABA presynaptic termi- 
nals, and preliminary studies sug- 
gest that its dysfunction can alter 
neurotransmitter GABA metabo- 
lism (unpublished results from our 
laboratory). This alteration results in 
a loss of presynaptic release of GABA, 
diminishing inhibition. A distur- 
bance of this metabolic function of 
glutamate transporters could under- 
lie some pathophysiologic path- 
ways of epilepsy. 

In patients undergoing anterior 
temporal lobectomy for refractory sei- 
zures, brain tissue from the anterior 
temporal lobe did not reveal changes 
in the level of expression of the glu- 
tamate transporters EAAT1 and 
EAAT2. 44 In human studies of hip- 
pocampal sclerosis, however, EAAT2 
and EAAT3 levels are increased in 
areas where neurons are spared and 
reduced in regions of neuronal cell 
loss. 45 

Taken together, these data sug- 
gest that alterations in glutamate 
transporters in both human tissue 
and animal models may play a role 
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in the generation and propagation of 
ictal activity. Determining whether 
these changes are the primary cause 
of induction of seizures or a com- 
pensatory response to neuronal in- 
jury requires further study. 

APPLICATIONS FOR 
DIAGNOSIS 

Currently, the World Federation of 
Neurology criteria are used to es- 
tablish a diagnosis of ALS. 46 These 
criteria are based upon history and 
physical findings suggesting loss of 
upper and lower motor neurons and 
electrophysiologic evidence of de- 
nervation. Unfortunately, the diag- 
nosis is often not established until 
late in the disease. New approaches 
to support the diagnosis are there- 
fore welcome. 

Lin et al" detected EAAT2 
mRNA splice mutants in the cere- 
brospinal fluid of 66% of patients 
with sporadic ALS, but none in pa- 
tients with nonneurologic disease or 
in controls with other diseases. Im- 
portantly, these splice mutants were 
also detectable early in the course of 
the disease. Although currently reli- 
able qualitative and quantitative poly- 
merase chain reaction methods might 
be difficult to perform in clinical labo- 
ratories, the collection of cerebrospi- 
nal fluid could be an adjunct to the 
current methods of diagnosis in the 
future. The identification of mark- 
ers contributing to disease activity by 
conventional lumbar puncture may 
eventually lead to earlier diagnosis 
and institution of treatment for this 
devastating disease. 

COMMENT 

Glutamate neurotoxicity has long 
been known to contribute to the 
pathogenesis of neurologic disor- 
ders such as stroke, epilepsy, and 
ALS. The finding that glutamate 
transporter dysfunction plays a role 
in these disorders is a more recent 
discovery. Given that glutamate is 
ubiquitous in the central nervous 
system, glutamate transporter dys- 
function may play a role in other 
neurologic disorders as well. 

At the present time, several 
drugs used to treat neurologic dis- 
orders have activity at the glutama- 
tergic synapse. Glutamate receptor 



antagonists have been tried in stroke 
in an attempt to limit the size and 
severity of ischemic insults. Rilu- 
zole is currently approved for use in 
the treatment of ALS and is be- 
lieved to act by preventing the re- 
lease of glutamate. 47 The antiepilep- 
tic drug topiramate acts as an 
antagonist of the AMPA (a-amino- 
3-hydroxy-5-methyl-4-isoxazolepro- 
pionic acid)/kainate subtype of the 
glutamate receptor. 48 

Recently, a number of proteins 
have been identified that can modu- 
late glutamate transporters. 4 ' 30 These 
proteins appear either to potently 
stimulate or to inhibit glutamate 
transporter subtypes. Future manipu- 
lation of these proteins may also pro- 
vide novel therapeutic means to regu- 
late glutamate transport and afford 
therapeutic benefit. 

Given what we have learned 
from the therapeutic applications of 
compounds active at glutamatergic 
synapses, manipulation of gluta- 
mate transporters may also prove 
promising. Future directions could 
include the development of gluta- 
mate transporter agonists to in- 
crease glutamate uptake from the 
synaptic cleft. 

The use of gene therapy to de- 
liver genes of interest to particular 
cell types is a rapidly expanding field. 
Gene therapy may be implemented 
to overexpress glutamate transport- 
ers in target cells. Glutamate trans- 
port from the extracellular space 
could be facilitated by increasing the 
number of glutamate transporters in 
neurons and glia. 

The biology of free radical for- 
mation and its relationship to dis- 
ease has garnered a great deal of 
attention recently. This has led to 
the pharmaceutical use of antioxi- 
dants to treat a host of different dis- 
orders. Antioxidants may be of use 
in preventing damage to glutamate 
transporters, offering an exciting 
approach to preventing glutamate 
accumulation in the synapse. 

The study of these transporters 
as they relate to neurologic disease in 
humans is in its infancy. Understand- 
ing their biology will be critical in de- 
veloping strategies for manipulat- 
ing them in the future. 

Accepted for publication April 26, 
2000. 
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